The purpose of this study was to compare the compressive strength, diametral tensile strength and microhardnss of several selfadhesive resin cements (Rely-X U200, Clearfill SA Luting, G-CEM LinkAce, Maxcem Elite, PermaCem 2.0, and Zirconite) using different activation modes (self-cured, light-cured) and testing time (immediately, 24 h, thermocycling). Specimens were prepared for the compressive strength (Ø 4×6 mm) and diametral tensile strength and microhardness (Ø 6×3 mm) according to ISO standards. The strength after 24 h was higher than immediately after. In addition, G-CEM showed the highest values. In terms of the activation modes, Rely-X U200, PermaCem 2.0 had higher values in the light-curing than the self-curing. In conclusion, all cements demonstrated clinically available strength values and revealed differences in strength according to their composition, testing time and activation mode. Furthermore, correlation was found between the microhardness (degree of conversion) and mechanical strengths of the cements tested.
INTRODUCTION
The space between a fixed prosthesis and the tooth is filled with a dental luting cements 1) . They prevent salivary and bacterial penetration into the space 2) so that prosthesis can be used for a long period 1) . Representative luting cements include zinc phosphate cements, polycarboxylate cements, glass ionomer cements, resin modified glass ionomer cements, and resin cements 3) . These luting cements must be resistant to caries, esthetic for esthetic prostheses, convenient for clinicians, durable bond between the tooth and restoration surfaces and together with mechanically strong enough to bear functional forces 4) . Clinically, mechanical strength is the property associated with cement fracture 5) , prosthesis retention 6) , wear 7) , and the fracture resistance of the ceramic prosthesis 8, 9) . According to Bindl 9) , the crack begins from the cement in the ceramic prosthesis fracture. Fracture strength of ceramic was compared after cementation of ceramic prosthesis, ZPC or resin cement. In case of cementation of resin cement with higher mechanical strength resulted in higher ceramic fracture strength value and many facture lines were found within ZPC in SEM evaluation. Thus, adhesive with higher mechanical strength cement is required in the adhesion of ceramic prosthodontics. Mechanical strength of cement is usually evaluated using compressive strength (CS), which measures the resistance to functional forces 10) , and diametral tensile strength (DS), which is important measurement for cements vulnerable to tensile force 10) . Among the cements, resin cements are widely used due to their excellent physical properties 4) .
Those are classified according to their activation mode into the self-curing, light-curing, and dual-curing types 11) . In the case of the light-curing resin cement, clinicians can have adequate working time, but not enough light energy reaches each area of the cement 12) . The dual-curing resin cement was developed to attain a high degree of monomer conversion regardless of the presence of light 12) . In previous studies on the dual-curing resin cement, the light-curing type was confirmed as more advantageous than the self-curing type for its high degree of monomer conversion 13, 14) , but light attenuation may occur in metallic restorations and post and all ceramics 15, 16) . The dual-curing resin cement was developed to overcome these limitations, but a few studies on its appropriate curing condition for the achievement of enough mechanical strength have been conducted.
Recently, the increasing use of dual-cured selfadhesive resin cements has paved the way for the introduction of various components and brands. They do not require pretreatment of the tooth 17, 18) . In previous study on the self-adhesive resin cements, their compressive strengths were reported lower than conventional resin cements 19) . In addition, the results of clinical researches on these dual-cured self-adhesive resin cements have not been published, and only a few studies on their CS and DS according to the time and activation modes have been conducted.
In this study, the CS and DS of the six types of dual-cured self-adhesive resin cement were compared to investigate their associations with the components, activation mode, and testing time. Further, not only the mechanical strength, microhardness was measured in different curing conditions to evaluate the degree of polymerization indirectly 20) . Additionally, this study attempted to elicit correlation of mechanical strength and Vickers microhardness.
Effect of activation modes on the compressive strength, diametral tensile strength and microhardness of dual-cured self-adhesive resin cements

MATERIALS AND METHODS
Materials
The six types of dual-cured self-adhesive resin cement used in this study are Rely-X U200 (3M ESPE, St. Paul, MN, USA), Clearfil SA Luting (Kuraray Medical, Osaka, Japan), G-CEM LinkAce (GC America, Alsip, IL, USA), Maxcem Elite (Kerr, Orange, CA, USA), PermaCem 2.0 (DMG, Hamburg, Germany), and Zirconite (BJMLAB, Yehuda, Israel) ( Table 1) .
Methods
Sample preparation
A total of 720 cement samples were prepared for the compressive and diametral tensile strength tests. Ten samples were assigned to each experiment group (Table  2) according to their activation mode (light-curing or selfcuring) and testing time (immediately after the curing, 24 h later, or after the thermocycling). Additionally, 180 samples were used to measure microhardness. Five samples were assigned to each experimental group according to same variables as above.
According to the ISO standard 9917 21) , cylindrical samples with a 4 mm diameter and a 6 mm height were prepared to measure the compressive strength, and cylindrical samples with a 6 mm diameter and a 3 mm thickness were prepared to measure the diametral tensile strength and Vickers hardness 22) using openend teflon molds ( Fig. 1 ). Each resin cement was mixed according to the manufacturer's instructions, and the cement filled the mold, which was then covered with a celluloid strip 23) (URIDENTAL, Seoul, Korea) and a slide glass (Marienfeld, Lauda-Königshofen, Germany). This was lightly pressed with the fingers to remove excess materials. Means followed by * mark is significant difference (p<0.05) by different activation mode in the same cement and same testing time. Means followed by +mark is significant difference (p<0.05) by different testing time in the same cement and same curing mode. Significant differences (p<0.05) in intercements according to same activation mode and same testing time are given in Table 3 .
The activation mode of the self-curing sample was 10-min curing 13, 23) in a light-tight constant-temperature chamber (J-NBT, JISICO, Seoul, Korea) at 37°C and 100% relative humidity levels. Both sides of the lightcuring sample were light-cured for 20 s respectively in a LED light-curing unit (Elipar Freelight 2, 3M ESPE) at 1,000 mW/cm 2 intensity.
Immediately after the self-curing or light-curing process, the samples were kept in a light-tight constanttemperature chamber (J-NBT, JISICO) for 24 h at 37°C and 100% relative humidity, after which 2000-times thermocycling was conducted at 5 and 55°C with a 15-s dwelling time and three-second waiting 24, 25) .
Strength measurement
The compressive and diametral tensile strengths were calculated using the following equation 21) , by measuring the maximum force (N) required for the fracture of the cross-head at 0.5 mm/min using the universal testing machine (Instron 3345, Instron, Norwood, MA, USA).
Compressive strength (MPa)=4P/πD 2 P represents the maximum applied force (N), and D, the diameter of the measured sample (mm). Diametral tensile strength (MPa)=2P /πDT P represents the maximum applied force (N); D, the diameter of the measured sample (mm); and T, the thickness of the sample (mm).
Surface microhardness (Vickers) measurement
Vickers Hardness(VK) measurements were made using a Vickers microhardness tester (MVK-H1, Akashi, Japan) with a load of 200 gf and dwell time of 15 s 26) . Two VK readings were recorded for each sample surface and ten values were recorded for the top surface values of five samples for each experiment group.
Statistical analysis
The means and SDs of each group were calculated. SPSS Ver. 21.0 (SPSS, Chicago, IL, USA) was used to process the statistics. The normal distribution were checked using the Shapiro-Wilk test, respectively. Two-way ANOVA ("activation mode" and "testing time" factors) was used for each cement. The Student t-test were used to compare the compressive strength(CS), diametral tensile strength (DS) and Vickers hardness (VK) of the two activation mode. One-way ANOVA were used to compare the CS, DS and VK of the three testing time (immediate, 24 h, thermocycling) and the six different product of cements followed by a post hoc Scheff's test at a 5% significance level, respectively. The existence of significant linear correlation between CS, DS and VK was investigated by means of Pearson's correlation test.
RESULTS
Compressive strength
The means and SDs of the compressive strengths of the cements according to the activation mode and the testing time are shown in Table 3 . The interactions between the activation mode and the testing time in the same cement are shown in Table 4 . The comparison results of the activation mode and the testing time are shown in Fig. 2 . The results of the cement's comparison under the same condition, and the strengths comparison of the six conditions (the activation mode and the testing time), are shown in Table 3 . (Tables 3 and 4,  and Fig. 2) The strengths comparison of the activation mode (light-curing and self-curing) had various results. The strengths of Rely X U200, PermaCem, and Zirconite after their light-curing were greater than those after their self-curing (Table 4 ). Clearfil SA Luting, G-CEM LinkAce, and Maxcem Elite did not differ according to their activation mode (Table 4 ). (Tables 3 and 4 , and Fig. 2 ) Two-way ANOVA showed that the results of Rely X U200, Clearfil SA Luting, G-CEM LinkAce, and PermaCem differed immediately and 24 h, and thermocycling ( Table 4 ). All the experiment groups showed greater strengths 24 h than immediately, but the differences were statistically significant only with Rely X U200, Clearfil SA Luting, G-CEM LinkAce, and PermaCem (p<0.05) (Fig. 2) . In all the experiment groups, no statistically significant difference was observed between the strengths after 24 h and after thermocycling (p>0.05).
Comparison of the activation mode
Comparison of the testing time
With regard to the strength immediately and after thermocycling, Rely X U200, Clearfil SA Luting, Means followed by * mark is significant difference (p<0.05) by different activation mode in the same cement and same testing time. Means followed by + mark is significant difference (p<0.05) by different testing time in the same cement and same curing mode. Significant differences (p<0.05) in intercements according to same activation mode and same testing time are given in Table 5 .
and G-CEM LinkAce showed statistically significant differences, while the strength after thermocycling was greater than that immediately after curing (p<0.05) ( Table 3 ). 
Comparison of the cements (
Diametral tensile strength
The means and SDs of the diametal tensile strengths of the cements according to their activation mode and testing time are shown in Table 5 . The intra-cement results of the interaction according to the activation mode and the testing time are shown in Table 6 . The results of the comparison according to the cement activation mode and the testing time are shown in Fig. 3 . The results of the cement's comparison in the same condition and the strengths comparison of the six conditions (with respect to the activation mode and the testing time) are shown in Table 5 . (Tables 5 and 6 , and Fig. 3 ) The strength comparison of the activation modes (lightcuring and self-curing) had various results according to the cement. All the cements except G-CEM LinkAce (i.e., Rely X U200, Clearfil SA Luting, Maxcem Elite, PermaCem 2.0, and Zirconite) showed greater lightcuring than self-curing strengths ( Table 6 ). Testing Time (Tables 5 and 6 , and Fig. 3 ) For the comparisons according to the testing time, the strengths were measured immediately and 24 h after the curing, and after the thermocycling. In the two-way ANOVA, all the cements except Zirconite (i.e., Rely X U200, Clearfil SA Luting, G-CEM LinkAce, Maxcem Elite, and PermaCem 2.0) showed differences according to their testing time (p<0.05) ( Table 6 ).
Comparison of the activation modes
Comparison of the
In the comparison of the strengths immediately and 24 h, all the cements except Zirconite (i.e., Rely X U200, Clearfil SA Luting, G-CEM LinkAce, Maxcem Elite, and PermaCem 2.0) showed greater strengths 24 h than immediately (p<0.05) (Fig. 3) . The results of the comparison of the samples 24 h and after thermocycling are as follows. Other than in Maxcem Elite and PermaCem 2.0, no significant difference was observed between the samples 24 h and thermocycling. Maxcem Elite and PermaCem 2.0 showed lower strength levels (22.76-35.69 MPa) after their thermocycling than 24 h (35.75-37.67 MPa) ( Fig. 3 ). (Table 5) Various strength results were observed in the intercement comparisons according to the conditions. In the immediate strength measurement after the self-curing, G-CEM LinkAce (38.39 MPa) showed the highest level, followed by Zirconite (34.59 MPa), PermaCem 2.0 (29.31 MPa). In the strength measurement 24 h after the self-curing, G-CEM LinkAce (44.48 MPa) showed the highest level, followed by Maxcem Elite (37.44 MPa), Rely X U200 (36.12 MPa). In the strength measurement after the thermocycling, G-CEM LinkAce (41.11 MPa) showed the highest level, followed Rely X U200 (36.90 MPa), Zirconite (32.66 MPa).
Comparison of the cements
In the strength measurement immediately after the light-curing, Zirconite (36.75 MPa) showed the highest level, followed by G-CEM LinkAce (36.22 MPa), Maxcem Elite (35.00 MPa). In the strength measurement 24 h after the light-curing, G-CEM LinkAce (44.15 MPa) showed the highest level, followed by Rely X U200 (38.16 MPa), Zirconite (37.67 MPa). Means followed by * mark is significant difference (p<0.05) by different activation mode in the same cement and same testing time. Means followed by +mark is significant difference (p<0.05) by different testing time in the same cement and same curing mode. In the strength measurement after the thermocycling following the light-curing, G-CEM LinkAce (41.70 MPa) showed the highest level, followed by Rely X U200 (37.90 MPa), Zirconite(36.90 MPa).
Surface microhardness (Vickers)
The means and SDs of the Vickers Hardness (VK) of the cements according to their activation mode and testing time are shown in Table 7 . The results of the comparison according to the cement, activation mode and the testing time are shown in Fig. 4 . The comparisons of the six conditions (with respect to the activation mode and the testing time) are shown in Table 7 .
1. Comparison of the activation modes ( Table 7 , and Fig.  4 )
The comparison of activation modes (light-curing and self-curing) had various results according to the cement. The strengths of Rely X U200, PermaCem (except thermocycling) after their light-curing were greater than those after their self-curing. Clearfil SA Luting (except immediate) did not differ according to their activation mode. However, G-CEM LinkAce, Zirconite and Maxcem Elite (except thermocycling) after their self-curing were greater than those after their light-curing (Table 7) . (Table 7 , and Fig. 4 ) All the cements except Zirconite, Rely X U200 (light- 
Comparison of the testing time
DISCUSSION
Compressive strength (CS), which is the resistance against the masticatory force, is an important factor of clinical performance 10) . Diametral tensile strength (DS) is a simple and reproducible method of measuring tensile forces in brittle materials on which tensile testing is difficult to conduct 10) . The measured compressive strength of the self-adhesive resin cement ranged from 142.9 to 298.1 MPa, higher than the minimum requirement for dental cements 21) (70 MPa). Therefore, clinical application of the self-adhesive resin cement was considered possible. The diametral tensile strengths ranged from 25.72 to 44.48 MPa. These levels were higher than those of the glass ionomer cement (9.5-10.8 MPa 10) ; Shofu glass ionomer, Ketac-Cem) and lower than those of conventional resin cements (Panavia EX, 45.1 MPa 10) and Scotchbond Resin Cement, Variolink Ⅱ, Panavia F, Rely X ARC, Enforce, 40.4-53.3 MPa 27) ). Vickers hardness(VK) is non-destructive testing and suitable for the hardness measurement of the dental cements. In addition, which is indirect evaluation of the degree of cure of resin cements 20) and this study attempted to elicit correlation of mechanical strength and Vickers microhardness.
In this study, the strengths were compared according to the activation mode, using the immediate light-curing group and the 10-min self-curing group. Information on the CS, DS and Vickers microhardness (VK) according to the activation mode (light-curing and self-curing) of the dual-cured self-adhesive resin cement has not been reported. According to previous studies on the effects of the activation mode of dual-cured self-adhesive resin cement on the shear bond strength 28) , U-Cem did not show a strength difference between lightcuring and self-curing, but the remaining three groups (Bisfix SE, BisCem, and PermaCem 2.0) showed higher strength levels after light-curing than after self-curing 28) . In a study on the DS according to the activation mode (light-curing or self-curing) of the conventional dualcured resin cements, the light-curing strength (44.0-53.3 MPa) was greater than the self-curing strength (40.4-47.8 MPa), but no difference was observed among some products (Panavia F, Enforce) 27) .
In this study, the results of the comparison according to the activation mode (light-curing or selfcuring) varied among the cements.
The CS, DS and VK of Rely-X U200 and PermaCem 2.0, after light-curing were much greater than after selfcuring. Therefore, these two cements must be light-cured to prepare them for clinical use. The cement's difference can be partly explained with the components of the activator (photo and chemical components of the setting mechanisms) 16) and their ratios 1) . The representative selfcuring activator/initiator, benzoyl peroxide, starts selfcuring through the redox reaction with tertiary amine; but when an acid is included in the cement, tertiary amine reacts with the acid to produce fourth ammonium salts and to reduce polymerization 29) . Since PermaCem 2.0 include benzoyl peroxide as a self-curing activator, the aforementioned reaction may occur.
The CS, DS and VK of Rely X U200 usually showed greater light-curing than self-curing, The statistically significant difference in the strength immediately after the curing according to the activation mode might have been due to the Rely X U200 self-curing activator (sodium p-toluen sulfinate) components 30) . Sodium p-toluen sulfonate reacts with acid monomers to form phenyl or benzenesulfonyl free radicals 31) . However, these reactions have been reported to have lowered the degree of monomer conversion 31) .
G-CEM LinkAce did not show differences in its CS and DS according to its activation mode. In addition, its VK after its self-curing was higher than that after its light-curing. G-CEM LinkAce showed a higher strength level after its self-curing because it was not included tertiary amine 29) that reacted with the acid monomer, and a new self-curing activator developed by the manufacturer was used. Accordingly, self-curing could be completed in a short time without the interference of the polymerization reaction.
In this study, the strengths of self-adhesive resin cement immediately after its polymerization, 24 h after its polymerization, and after its thermocycling were measured to investigate their changes according to the time lapse. As a result, the CS of the cements except Maxcem Elite and Zirconite 24 h after their polymerization were greater than their immediately measured strengths. This may have been due to the increase in the degree of conversion and in the formation of polymeric chains and cross-links 32) with the passing of time.
Zirconite did not show significant differences in its CS, DS and VK immediately and 24 h after its polymerization. This implies a high initial monomer conversion. These results correspond with those of previous studies 33) . The degree of conversion during the initial 10 min (95.8-97.3%) was higher than other cements (83.3-95.2%; Smartcem 2, Panavia F 2.0, Clearfil SA Luting) 33) . Clearfil SA Luting showed a low strength level in its initial polymerization stage. According to previous study 33) , the initial 10-min degree of monomer conversion after its self-curing was 87.2%, and after its light-curing, 94.6%, which were lower than the 90.9-97.3% of the other cement groups (Smartcem 2 and Zirconite). 10-Methacryloyloxydecyl dihydrogen phosphate (MDP), which was used to bond the tooth prosthesis with the cement, might have inhibited the polymerization reaction 34) . According to Nakamura 34) , MDP helps enhance the bonding strength, but if too much, it inhibits the polymerization reaction 34) .
The Rely X U200 and G-CEM LinkAce strengths after 24 h were greater than those immediately after the curing (p<0.05). Rely X U200 showed a lower initial strength level because its activation reaction might have been delayed due to the high viscosity of its filler content 16, 35) . Despite its low initial strength level, its level 24 h after its curing significantly increased, possibly due to its additional acid-base setting reactions 36) . G-CEM LinkAce showed not only radical reactions but also additional acid-base setting reactions with an alkaline filler (fluoroaluminosilicate glass) and acid monomers 36) . Rely X U200 showed acid-base setting reactions between its methacrylated phosphoric acid esters and glass fillers 36) .
The strength 24 h after the curing was greater than that immediately after the curing, but the strength after the thermocycling increased or decreased but not significantly from that before the thermocycling. These results correspond with those of the study of Piwowarczyk and Lauer 19) on the CSs of dual-curing resin cements, which did not significantly differ between 24 h after their curing and after 150-day water storage 19) .
In the comparison of cements in this study, G-CEM LinkAce showed greater CS and DS in all the conditions except immediately after light-curing (p<0.05). This might have been due to its high (71%) filler content 5, 37) , higher than that of the other cements (55-69%). The monomer component of G-CEM LinkAce was Urethan dimethacrylate (UDMA), which had low viscosity and contained a large amount of fillers 38) . Accordingly, free radicals could move smoothly to increase the degree of conversion 39) . According to Asmussen 39) , when Bis-GMA changed to UDMA, its diametral tensile strength and flexure strength increased.
In this study, the CS, DS and VK of the dual-cured self-adhesive resin cement were measured according to the cement's activation mode and testing time. Furthermore, this study attempted to elicit correlation of mechanical strength and VK. According to previous studies, degree of conversion 32) , filler content 5) , and monomer type 39) are factors affecting mechanical strength. Some research proved the correlation between mechanical strength and degree of conversion 40) , some not 22, 37) . In this study, significant correlations were observed between VK and CS (r=0.362), VK and DS (r=0.363), however, the correlation was weak and may not have any important implications.
The outcomes of this study may help with the selection of self-adhesive resin cements through comparisons according to the cement activation mode in clinical settings, where it may be difficult to reach an appropriate curing light.
Through the comparison according to the testing time, procedures that can induce stress (such as occlusal adjustment, removal of the excess marginal resin cement, and polishing) must be avoided when cements having a low initial strength level are used 32, 41) .
In most cases in this study, no statistically significant change in the strength after thermocycling was observed from 24 h after the curing. A frequency higher than 2,000 might have yielded more useful clinical results. The cement's comparison could have been more easily conducted had resin-modified glass ionomer cement and the conventional resin cement, which are widely used in clinical cases, been used in the control group.
A few studies on the mechanical properties and activation mode of self-adhesive resin cements have been conducted. Further studies on the degrees of conversion and polymerization shrinkage according to the activation mode may be needed to achieve not only high mechanical strength but also high reliability in clinical settings such as in solubility, color stability, and postoperative sensitivity, and for the long-term prognoses.
CONCLUSIONS
Within the limitations of this study, the following conclusions are drawn. All the cements demonstrated clinically available strength values. The self-adhesive resin cements revealed differences in their compressive strength, diametral tensile strength and Vickers hardness according to their composition, testing time, and activation mode. In this study, significant correlations were observed between mechanical strength and Vickers hardness. However, the correlation was weak and may not have any important implications. The outcomes of this study may be used as background information for determining the components of new products, and for future clinical applications.
